The role of homodimerization in the family of C2a-capped HAD phosphatases is unknown. Results: Chronophin homodimerization is required for proper positioning of the substrate specificity loop and for substrate dephosphorylation.
revealed that dimer formation is essential for an intermolecular arginine-arginine-tryptophan stacking interaction that positions a critical histidine residue in the substrate specificity loop of chronophin for PLP coordination. Analysis of all available crystal structures of HAD hydrolases that are grouped together with chronophin in the C2a-type structural subfamily uncovered a highly conserved mode of dimerization that results in intermolecular contacts involving the substrate specificity loop. Our results explain how the dimerization of HAD hydrolases contributes to their catalytic efficiency and substrate specificity.
Enzymes of the haloacid dehalogenase (HAD) 4 -type constitute a large and ancient superfamily whose members are present in all three kingdoms of life. The majority of HAD enzymes are phosphatases known to cover an exceptionally broad substrate space, ranging from metabolites to macromolecules such as DNA and serine/threonine (Ser/Thr)-or tyrosine (Tyr)-phosphorylated proteins (1) (2) (3) . A number of HAD phosphatases have been causally linked to human diseases, including cancer and cardiovascular, metabolic, and neurological disorders (4); however, very little is currently known about the regulation of these enzymes.
Contrasting their structurally highly diverse substrates, HAD phosphatases are remarkably similar in terms of topology and active site architecture even though their overall amino acid sequence identities are very low (3) . A canonical, modified Rossmann fold positions the catalytic core residues that are distributed over four HAD motifs. The first aspartate in the strictly conserved DXDX(V/T) HAD phosphatase signature motif serves as the nucleophile and phosphoryl group acceptor that forms a phosphoaspartate intermediate during catalysis. This aspartate also coordinates the catalytically essential Mg 2ϩ ion (1) .
HAD phosphatases are additionally equipped with so-called cap domains. Unlike the structurally stereotypical buildup of the catalytic domain, caps are highly diversified modules that can be grouped into four classes, C0, C1, C2a, or C2b, according to their size, structure, and insertion site in the core domain (3) . A primary cap function is to mediate solvent occlusion/inclusion during the catalytic cycle. In general, C1/C2-capped HAD phosphatases process small metabolites that can be sequestered within the active site by cap closure, thus ensuring efficient dephosphorylation. In contrast, macromolecules themselves can provide the necessary active site shielding and are preferentially processed by C0 ("capless") phosphatases. Besides contributing to catalytic efficiency, caps supply substrate specificity determinants with residues that engage in substrate recognition and thereby establish phosphatase specificity (5) (6) (7) (8) . Interestingly, caps can also mediate the commonly found HAD phosphatase oligomerization: among the 20 structurally characterized human HAD phosphatases alone, 10 are oligomeric, and in four of these phosphatases, oligomerization is mediated by cap-cap interactions (4).
Chronophin is a homodimeric, C2a-capped HAD phosphatase (9 -11) known to target Ser 3 -phosphocofilin (12) (13) (14) (15) (16) and the Ser/Thr-phosphorylated steroid receptor co-activators 1 and 3 (17) . In addition to its emerging protein phosphatase activities, chronophin (gene name, pyridoxal phosphatase (PDXP)) acts as a small molecule phosphatase dedicated to the metabolism of pyridoxal 5Ј-phosphate (PLP) (10, 11) . PLP is the biologically active form of vitamin B 6 that functions as a cofactor in the catalysis of Ͼ160 different enzymatic reactions, in particular in the biosynthesis of neurotransmitters (18, 19) . Chronophin has been suggested to link pathological alterations in vitamin B 6 metabolism with cofilin-dependent actin dynamics in the rat hippocampus following status epilepticus (20, 21) .
In the present study, we show that chronophin homodimerization is a prerequisite for its proper enzymatic function as a PLP phosphatase. These findings can be extended to dimeric C2a-capped HAD hydrolases in general and indicate a paradigmatic role for their dimerization in substrate recognition and thus in the control of catalytic efficiency and substrate specificity.
EXPERIMENTAL PROCEDURES
Database Searches-The Protein Data Bank was searched for structures of haloacid dehalogenase-like hydrolases using the Pfam entries PF13419, PF00702, PF13344, PF13242, PF08282, and PF12710. The search was conducted with a 90% sequence identity cutoff to reduce the number of multiple entries and mutant proteins and yielded 177 unique entries. Cap domain subtypes were determined manually and cross-validated using a recently published data set (22) . The PISA online tool (23) was used to determine the oligomeric state and for dimer interface calculations (see supplemental Table S1 ).
DNA Constructs-Murine chronophin cDNA was reverse transcribed from adult mouse brain tissue. Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions, and cDNA was obtained with the High Fidelity RNA PCR kit (Takara Bio Inc.) and oligo(dT) primers. The PCR product was subcloned into the BamHI and EcoRI restriction sites of pcDNA3 (Invitrogen) to construct untagged chronophin, into the KpnI and XhoI sites of pENTR3C (Invitrogen) followed by insertion via homologous recombination into pDEST27 (Invitrogen) to produce GST-tagged chronophin for expression in mammalian cells, or into the bacterial expression vector pETM11 (European Molecular Biology Laboratory) to create N-terminally His 6 -tagged chronophin for in vitro studies. The chronophin A194K,A195K (chronophin KK ) construct was generated by site-directed mutagenesis.
Protein Expression and Purification-His 6 -tagged chronophin wild type or chronophin KK in pETM11 was transformed into BL21(DE3) cells (Stratagene) and expressed for 18 h at 20°C after induction with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside. To increase solubility, chronophin was coexpressed with chaperones from the pG-Tf2 plasmid (Takara Bio Inc.) according to the instructions of the manufacturer. Cells were harvested at 8,000 ϫ g for 10 min and lysed in 100 mM triethanolamine (TEA), 500 mM NaCl, 20 mM imidazole, 5 mM MgCl 2 , pH 7.4 in the presence of protease inhibitors (EDTA-free protease inhibitor tablets, Roche Applied Science) and 150 units/ml DNase I (Applichem) using a cell disruptor (Microfluidizer Processor M-110 P, Microfluidics). Cell debris was removed by centrifugation for 30 min at 30,000 ϫ g. For purification, cleared supernatants were loaded on a HisTrap HP column operated on an ÄKTA liquid chromatography system (GE Healthcare) in binding buffer (50 mM TEA, 500 mM NaCl, 20 mM imidazole, 5 mM MgCl 2 , pH 7.4), and His 6 -tagged proteins were eluted using a linear gradient up to 50% elution buffer (50 mM TEA, 250 mM NaCl, 500 mM imidazole, 5 mM MgCl 2 , pH 7.4). Fractions containing His 6 -tagged chronophin were pooled, and the His 6 tag was cleaved with tobacco etch virus protease for 2 days at 4°C. Subsequently, cleaved protein was separated from uncleaved protein and from the His 6 -tagged tobacco etch virus protease on a HisTrap HP column. Untagged chronophin was further purified on a HiLoad 16/60 Superdex 200 prep grade size exclusion chromatography column (GE Healthcare) in buffer A (50 mM TEA, 250 mM NaCl, 5 mM MgCl 2 , 5% (v/v) glycerol, pH 7.4).
Analytical Size Exclusion Chromatography-Globular proteins of known molecular weight (Gel Filtration LMW Calibration kit, GE Healthcare) were used to calibrate a Superdex 200 10/300 GL column (GE Healthcare), and blue dextran was used to determine the column void volume. Protein elution volumes were measured by monitoring the absorption at 280 nm. The elution volumes were used to calculate the partition coefficient (K av ) with the formula
where V e is the elution volume, V 0 is the void volume, and V t is the total volume of the column. The apparent molecular weight was then derived from the inverse logarithm of the partition coefficient.
Analytical Ultracentrifugation-Sedimentation velocity analytical ultracentrifugation was carried out using a Beckman Optima XL-I analytical ultracentrifuge (Beckman Coulter) with an eight-hole An-50 Ti rotor at 40,000 rpm at 20°C. Four hundred microliters of dialyzed, purified recombinant protein dialyzed against buffer A without glycerol and reference buffer solution were loaded in standard double-sector charcoal-filled Epon centerpieces equipped with sapphire windows. Protein concentration corresponded to an A 280 of 0.5-0.8. Data were collected in continuous mode at a step size of 0.003 cm using absorption optical detection at a wavelength of 280 nm. Data were analyzed using the NIH software SEDFIT to determine continuous distributions for solutions to the Lamm equation c(s) as described previously (24) . Analysis was performed with regularization at confidence levels of 0.68 and floating frictional ratio (f/f 0 ϳ 1.32 Ϯ 0.02 for both chronophin wild type and mutant, suggesting a globular conformation), time-independent noise, baseline, and meniscus position to root mean square deviation (r.m.s.d.) values between 0.007 and 0.012. Consistent results were obtained in three independent experiments.
Atomic Force Microscopy (AFM)-Proteins were diluted between 30-and 100-fold from 30 M stock solutions in AFM deposition buffer (25 mM HEPES, 50 mM KCl, 10 mM MgCl 2 , pH 7.5), immediately deposited onto freshly cleaved mica, rinsed with deionized water, and dried in a gentle stream of nitrogen. All images were collected on an MFP-3D-BIO atomic force microscope (Asylum Research) in oscillating mode using Olympus OMCL-AC240 silicon probes with spring constants of ϳ2 newtons/m and resonance frequencies of ϳ70 kHz.
Images were captured using Asylum Research software on Igor Pro at a scan size of 2 ϫ 2 m 2 , a scan rate of 0.5 Hz, and a resolution of 1024 ϫ 1024 pixels. For analysis, AFM images were flattened to third order. AFM volumes were measured using the NIH Image-based software ImageSXM and used to calculate protein molecular weights as described (25) with the formula V ϭ 1.2 ϫ (MW) Ϫ 5.9 where V is the AFM volume and MW is the molecular weight. Molecular weights (and error ranges) were derived from the center positions (and two standard deviations) of Gaussian fits with R 2 Ͼ 0.79 or 0.96 for chronophin WT Ϫ into buffer A. For each experiment, the binding enthalpy was directly measured, whereas the stoichiometry (N) and the dissociation constant (K d ) were obtained using the analysis software, assuming a single site binding model.
Crystallization and Data Collection-Proteins were concentrated to 8 -10 mg/ml (as determined by absorption at 280 nm using a calculated molar extinction coefficient of 18,450 M Ϫ1 ⅐cm Ϫ1 ) in buffer A (chronophin KK ) or in 10 mM TEA, 100 mM NaCl, 1 mM MgCl 2 (chronophin WT ) using 10,000 molecular weight cutoff centrifugal filter devices (Amicon Ultra-15, Millipore). All crystals were grown at 20°C using the hanging drop vapor diffusion method by mixing equal volumes of protein solution with reservoir solution. Chronophin KK crystals were grown in 0.1 M MES at pH 6.5 with 25% (w/v) polyethylene glycol monomethyl ether 550 and appeared as thin plates after 3-4 days. Chronophin WT was crystallized in 0.1 M imidazole, 0.2 M NaCl, 1 M sodium tartrate supplemented with 1 mM BeF 3 Ϫ to obtain the chronophin WT -BeF 3 Ϫ structure, and cubic crystals appeared within 24 h. All crystals were cryoprotected for flash cooling in liquid nitrogen by soaking in mother liquor containing 30% (v/v) glycerol. All data sets were collected at beamline 14.1 (Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (BESSY), Berlin, Germany). Data were processed using iMOSFLM (26) and Scala from the CCP4 program suite (27) . All three structures were solved by molecular replacement with the program Phaser (28) using human pyridoxal 5Ј-phosphate phosphatase/chronophin (Protein Data Bank code 2OYC) as a search model. The chronophin WT /chronophin WT -BeF 3 Ϫ structures were refined at 2.2-Å resolution, and the chronophin KK structure was refined at 1.75-Å resolution with Phenix (29), incorporating torsion angle non-crystallographic symmetry restraints. Structural representations were generated with PyMOL (The PyMOL Molecular Graphics System, version 1.5.0.4, Schrödinger, LLC). PyMOL was also used to determine the r.m.s.d. of structural alignments.
In Vitro Phosphatase Assays-PLP dephosphorylation assays were conducted in 96-well microtiter plates. Chronophin WT or chronophin KK (100 nM/well) was preincubated for 10 min at 22°C in buffer A supplemented with 0.001% (v/v) Triton X-100. The reactions were started by the addition of PLP (final concentrations ranging from 0 to 1,000 M in a total volume of 50 l) and stopped after 2 min by the addition of 100 l of Biomol Green (Enzo Life Sciences). Color was allowed to develop for 10 min before the absorbance of the resulting phosphomolybdate complex was read at 620 nm on an Envision 2104 multilabel microplate reader (PerkinElmer Life Sciences). Free phosphate release was quantified using phosphate standard curves, and V max and K m values were calculated using GraphPad Prism version 6 (GraphPad Software Inc.). The lines were fitted by nonlinear regression using the least square fitting method.
Cell Transfection and Pulldown Assays-HEK293-AD cells (Stratagene) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal calf serum (FCS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were plated at a density of 4.5 ϫ 10 5 cells in 6-well plates and transfected the next day using TransIT-LT1 (Mirus) with a total amount of 1 g of DNA. The amount of transfected DNA was kept constant with empty vector. Cells were lysed in 50 mM TEA, 250 mM NaCl, 5 mM MgCl 2 , 1% (v/v) Triton X-100, 10 g/ml leupeptin, 10 g/ml pepstatin A, 50 g/ml aprotinin, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (Pefabloc) for 15 min at 4°C under constant rotation. After centrifugation at 15,000 ϫ g for 15 min at 4°C, the lysates were incubated for 1.5 h under constant rotation with glutathioneSepharose 4B beads (GE Healthcare) pre-equilibrated with washing buffer (50 mM TEA, 250 mM NaCl, 5 mM MgCl 2 , 1% (v/v) Triton X-100). The beads were washed four times with washing buffer using a vacuum manifold, bead-associated proteins were eluted with Laemmli sample buffer, and eluates were separated by SDS-PAGE and blotted onto nitrocellulose membranes (Hybond C, Amersham Biosciences). Chronophin dimerization was assessed by Western blot analysis with chronophin-specific antibodies (clone C85E3, Cell Signaling Technology).
Accession Codes-The x-ray crystal structures of murine chronophin WT and murine chronophin KK have been deposited in the Protein Data Bank under accession codes 4BX3 (murine chronophin), 4BX2 (murine chronophin in complex with BeF 3 Ϫ ), and 4BX0 (murine chronophin A194K,A195K ). Statistical Analysis-Pulldown and ITC experiments were analyzed with the two-tailed unpaired t test using GraphPad Prism version 6.
RESULTS
Homooligomer Formation Is a Common Feature of C2a-type HAD Hydrolases-We analyzed a data set comprising all available HAD hydrolase structures from various species (see "Experimental Procedures" for details). Of the 177 unique entries, 104 HAD hydrolases (ϳ59%) are likely to form homooligomers as compared with 72 structures that are assigned as monomers and with one heterooligomer. As shown in Table 1 , C2a-type enzymes are particularly noteworthy because all available structures represent dimers (12 entries) or tetramers (five entries). However, the function of HAD hydrolase dimerization is unclear as all catalytic core residues are encoded in a single polypeptide chain, and the available structures of oligomeric HAD hydrolases show that the adjacent protomer does not contribute active site residues. To understand the role of HAD dimerization, we investigated mammalian chronophin as a representative C2a-type family member.
Crystallization and Structure Determination of Murine Chronophin-We determined the three-dimensional structure of murine chronophin by x-ray crystallography and refined it by Fig. 1A (see also Ref. 9) . The cap consists of five central parallel ␤-strands that are connected by helices, and dimerization is mainly mediated by helix ␣6 following ␤-strand 3, by a ␤-hairpin (referred to as substrate specificity loop) inserted after ␤-strand 4, and by the ensuing helix ␣7. This substrate specificity loop also acts as a roof for the entrance to the active site.
Creation of a Monomeric Murine Chronophin Variant-To study the functional relevance of chronophin homodimerization, we exchanged the short, uncharged side chains of Ala 194 and Ala 195 in the murine chronophin dimerization interface (see Fig. 1A, inset) for the longer and charged side chains of Lys (chronophin KK ) and compared the oligomeric states of recombinantly expressed, purified chronophin WT and chronophin KK by size exclusion chromatography. Fig. 1B shows that chronophin (molecular mass, 31.8 kDa) has a peak elution volume that corresponds to a calculated molecular mass of 60.7 kDa, indicating that the protein indeed forms a stable dimer in solution. In contrast, chronophin KK has a peak elution volume corresponding to a calculated molecular mass of 33.7 kDa, equivalent to chronophin in a monomeric state. Analytical ultracentrifugation sedimentation velocity experiments confirmed a monomeric molecular mass for chronophin KK (ϳ32 kDa), whereas wild type chronophin showed a sedimentation behavior consistent with a dimeric state (ϳ56 kDa) (Fig. 1C) KK in HEK293 cells, performed pulldown binding experiments with glutathione-Sepharose beads, and subsequently probed bead-associated chronophin by Western blotting. The expectation is that GST-chronophin WT will pull down untagged chronophin WT , whereas the monomerized chronophin KK will prevent co-precipitation. Fig. 1E demonstrates that GST-chronophin WT (detectable at ϳ60 kDa after separation of the bead eluates by SDS-PAGE and immunoblotting with ␣-chronophin antibodies) indeed associated with (magenta-colored sphere) indicates the active site; the catalytic domain is shown in blue/cyan and orange/red. Dimerization is mediated by the capping domain (green/yellow). The enlarged area highlights helices ␣6 (green)/␣7 (yellow) and the substrate specificity loop (yellow) that form the dimerization interface of chronophin. Ala 194 and Ala 195 in helix ␣7 that are mutated to lysines in chronophin KK are depicted as red sticks in both monomers. B, analytical size exclusion chromatography shows a peak elution volume of chronophin WT (theoretical molecular mass, 31.8 kDa) at 14.9 ml, corresponding to a calculated molecular mass of 60.7 kDa. Chronophin KK is detected at a peak elution volume of 16.1 ml, corresponding to a calculated molecular mass of 33.7 kDa. C, analytical ultracentrifugation data demonstrate different sedimentation coefficients for chronophin WT were co-expressed in HEK293-AD cells as indicated. GST-chronophin was precipitated with glutathione-Sepharose beads, bead-associated proteins were separated by SDS-PAGE, and chronophin was detected with a chronophin-specific antibody by immunoblotting. Western blots of the corresponding whole cell lysates are shown to assess protein expression levels in cells. F, densitometric quantification of Western blots. The band corresponding to untagged chronophin was normalized to the GST-chronophin signal in each lane and compared with the optical density of the signal corresponding to chronophin WT precipitated with GST-chronophin WT . The mean values ϮS.E. (error bars) of the relative intensities are shown (n ϭ 4). mAU, milliabsorbance units; AU, absorbance units.
chronophin
WT (detectable at ϳ32 kDa) in pulldown binding assays, whereas an interaction of GST-chronophin KK with chronophin KK was not detectable. The results of four independent experiments are quantified in Fig. 1F . Together, these data clearly show that chronophin KK is a monomer both in vitro and in mammalian cells.
Enzymatic Properties of Monomeric Chronophin-We next investigated the effect of chronophin monomerization on its enzymatic activity toward PLP. Fig. 2 demonstrates that whereas homodimeric chronophin efficiently dephosphorylates PLP the activity of the monomeric chronophin KK variant is strongly impaired. This is mainly due to a ϳ65-fold increase in K m , whereas the calculated V max remains largely unaffected. As a result, the catalytic efficiency (k cat /K m ) of chronophin KK is reduced to ϳ3.5% compared with chronophin WT . The catalytic constants of chronophin WT and chronophin KK toward PLP are summarized in Table 3 .
Isothermal Titration Calorimetry of BeF 3 Ϫ Binding to Chronophin WT and Chronophin KK -To test whether the impaired catalytic efficiency of chronophin KK is due to rearrangements in catalytic core residues, we measured the binding of chronophin to BeF 3 Ϫ . BeF 3 Ϫ structurally mimics the phosphoaspartate transition state of HAD phosphatases by coordinating the catalytic core residues and the catalytically essential Mg 2ϩ as a phosphate analog (30 -36) . Fig. 3 shows that (Table 4) . Together, the in vitro phosphatase and ITC experiments suggest that the chronophin homodimer interface in the cap domain exerts allosteric effects on the catalytic cleft of the enzyme.
Crystallization and Structure Determination of Chronophin KK -Therefore, we solved the structure of the monomerized chronophin variant. Chronophin KK crystallized in the space group P2 and could be refined to 1.75-Å resolution with an R work of 19.1% and an R free of 23.6% (Protein Data Bank code 4BX0 and Table 2 ). The r.m.s.d. of 0.47 Å for the C␣ atoms of residues 1-290 between chronophin
WT and chronophin KK clearly shows that the replacement of Ala 194 and Ala 195 with Lys residues in the cap domain had no impact on the overall fold of a chronophin protomer (Fig. 4A) The data are mean values Ϯ S.E. of three independent isothermal titration calorimetry experiments performed with three independently purified batches of proteins. ⌬H, enthalpy; T⅐⌬S, entropy; N, stoichiometry; ⌬G, Gibbs free energy; K d , dissociation constant; ND, not determined. 
Role of Chronophin Dimerization
the substrate specificity loop (Pro 176 -Pro 187 ) of protomer A stack together with Arg 163 of protomer B, which itself forms a hydrogen bond with the carbonyl oxygen atom in the backbone of Gly 183 in protomer A. Importantly, the imidazole ring of His 178 in the substrate specificity loop coordinates the pyridine ring of PLP by -electron stacking (see Protein Data Bank code 2P69). In chronophin KK , the interprotomer contacts are lost, resulting in a tilting of the substrate specificity loop and consequently an altered orientation of the substrate-binding His 178 residue (Fig. 4, A and B) . These results demonstrate that contacts between the substrate specificity loop and the other protomer in the homodimer are crucial for the correct positioning of the substrate specificity loop and hence for the orientation of residues involved in substrate coordination.
To elucidate whether all catalytic core residues in monomeric chronophin are oriented correctly, we compared the HAD motif I-IV catalytic core residues of chronophin KK and chronophin WT with chronophin WT in complex with BeF 3 Ϫ . The chronophin WT -BeF 3 Ϫ structure was refined to 2.2-Å resolution with an R work of 16.8% and an R free of 21.2% (Protein Data Bank code 4BX2; see Table 2 for data collection and refinement statistics). (Note that we were unable to crystallize chronophin KK in complex with BeF 3 Ϫ . Co-crystallization attempts failed due to protein precipitation issues, and soaking experiments resulted in broken crystals). Fig. 4C shows that the positioning of these amino acids does not differ substantially between chronophin WT and chronophin KK and further confirms that the cofactor Mg 2ϩ is properly coordinated. We conclude from these results that the impaired binding of BeF 3 Ϫ to monomeric chronophin (see Fig. 3 and Table 3 ) is not due to conformational changes in the active site residues of chronophin KK . Together, the results of the steady-state enzyme kinetics, the ITC experiments, and the structural analyses support the conclusion that the core catalytic machinery of the monomeric chronophin KK variant is unaltered compared with homodimeric chronophin. However, the tilting of the substrate specificity loop and the subsequent reorientation of the PLP-binding Table 1 , we found 16 structures in addition to human chronophin and the newly solved structure of murine chronophin. The r.m.s.d. values for structural alignments of all C␣ atoms of these family members with murine chronophin indicate high structural homology, although the amino acid sequence identities between these proteins and murine chronophin are very low (ranging from 16.1 to 28.3% with the exception of human chronophin that is 91.2% identical with murine chronophin). PDBePISA analysis indicates that all 18 molecules are highly likely to exist as homodimers as judged by the buried surface areas of ϳ1,000 Å Table 5 . Fig. 5 shows the dimer interfaces of the structurally characterized homodimeric C2a-type HAD hydrolases identified in this analysis. All dimer interfaces are composed of two homol- ogous ␣-helices in the cap domains and contain a ␤-hairpin structure that resembles the substrate specificity loop in chronophin. We note that although hydrogen bonds are present in the corresponding loop structure of the uncharacterized Saccharomyces cerevisiae protein YKR070W (Protein Data Bank code 3RF6) and the Escherichia coli protein NagD (Protein Data Bank code 2C4N (7)), they are not shown as ␤-sheets by the automatic secondary structure assignment because the participating residues are not adjacent to each other in the sequence. Nevertheless, the corresponding loop structure also participates in interprotomer contacts and may likewise also contribute to substrate specificity. Therefore, dimerization appears to be a general prerequisite for the proper positioning of the ␤-hairpin substrate specificity loop (or of corresponding elements) in all C2a-capped HAD hydrolases structurally characterized to date.
DISCUSSION
Substrate specificity in capped HAD phosphatases is accomplished by cap movements that facilitate active site solvent exclusion and by specificity determinants encoded in the cap domain. We identify homodimerization via C2a-type caps as a previously unrecognized factor involved in substrate specificity control. We demonstrate that the constitutive homodimerization of chronophin is a prerequisite for the proper positioning of the substrate specificity loop and consequently for efficient PLP dephosphorylation. Thus, the specificity of chronophin toward PLP as a substrate depends on an allosteric effect induced by a homophilic intermolecular interaction. Crystal structure analyses of oligomeric C2a-type HAD hydrolases from different species reveal that the positioning of the ␤-hairpin/presumable substrate specificity loop via homodimerization is a conserved and common feature in this structural subfamily. Our results therefore suggest a general principle of how the dimerization of C2a-capped HAD hydrolases can contribute to substrate specificity.
Although the role of homodimerization in the C2a family has not been investigated so far, the relevance of oligomerization for C1-and C0-type HAD hydrolase functions was addressed in previous studies. For example, homodimerization of the Protomer A is shown in a colored ribbon representation, whereas protomer B is shown in gray surface representation. Protein Data Bank codes are indicated. The structures of human pyridoxal 5Ј-phosphate phosphatase/chronophin (Protein Data Bank code 2OYC) and human HDHD2 (Protein Data Bank code 3HLT) are very similar to the murine orthologs (Protein Data Bank codes 3BX4 and 2HO4) and are therefore not shown. All dimer interfaces are composed of two homologous helices and contain a ␤-hairpin structure that resembles the substrate specificity loop in chronophin. Although hydrogen bonds are present in the loops of Protein Data Bank codes 2C4N and 3RF6, they are not shown as ␤-sheets by the automatic secondary structure assignment because the participating residues are not adjacent to each other in the sequence.
C1-type Haemophilus influenzae P4 acid phosphatase is important for catalysis because side chains of one protomer stabilize the conformation of catalytic loop IV in the active site of the other protomer. Such intersubunit contacts that reach into the catalytic site may also be important for substrate recognition (37) . The C1-capped mammalian cytosolic 5Ј-nucleotidase (cN-II) exists as a tetramer in its native form. Although a dimeric mutant of this protein is still active, monomeric cN-II is inactive, suggesting that enzymatic activity may be controlled by switching the oligomeric state, although the underlying mechanism is unknown (38, 39) . Structural analysis of the tetrameric, C0-type (capless) HAD phosphatase KdsC from E. coli has revealed that protomers can act as cap surrogates to shield the active site of an adjacent protomer and to supply residues involved in substrate recognition (40) . A similar tetrameric organization was reported for the Bacteroides thetaiotaomicron KDN-9-P phosphatase (41) . Homooligomeric interfaces may also contribute to proper folding or stability of the active site as has been proposed for the bifunctional C0-type T4 polynucleotide kinase/phosphatase PNKP (42) . Taken together, the constitutive dimer formation of oligomeric HAD phosphatases appears to be generally required for appropriate catalytic activity and can also contribute to substrate coordination. Our finding that homodimerization is necessary for the proper orientation of the ␤-hairpin/substrate specificity loop in the C2a-capped HAD phosphatase chronophin further advances our mechanistic understanding of HAD phosphatase specificity control.
Self-association of proteins to form dimers or higher order oligomers is frequently observed (43) . Oligomerization provides a simple way to increase protein complexity and can result in structural (e.g. improved stability) and functional advantages (e.g. control over active site accessibility and specificity) (44) . In some oligomeric proteins, protomers must be stably assembled to build a functional protein; this may be the case for the constitutively oligomeric HAD phosphatases characterized to date. Some "classical," non-HAD-type phosphatases such as E. coli alkaline phosphatase are also known to form obligate homodimers and to lose structural stability and catalytic activity upon monomerization (45) . In other homooligomeric proteins, the association and dissociation of protomers is reversible and can serve as a (concentration-sensing) mechanism to regulate enzyme activity (43, 46 -48) . Some receptor-like proteintyrosine phosphatases utilize this mechanism of dynamic regulation. For example, protein-tyrosine phosphatase ␣, CD45, and SAP-1 are reversibly inhibited by dimer formation, which can be controlled by ligand binding (49) , phosphorylation (50), or oxidative stress (51) . Here, dimerization leads to a reciprocal occlusion of the catalytic site of each phosphatase protomer (52, 53) . It is currently unknown whether those HAD phosphatases that are assigned as monomeric can associate to form homo-or heterooligomers in a stimulus-dependent manner in cells. Conversely, it is unclear whether oligomeric C2a-type HAD hydrolases such as chronophin can also be present in a monomeric form in vivo, for example below a threshold concentration, in particular subcellular compartments, or upon posttranslational modification.
